The tautomeric structures and dynamic prototropic behavior of the products 1 and 2 obtained in the condensation reaction of 1,3-indandione and 2-pyridyl-1,3-indandione with p-toluidine, respectively, were investigated by 1 H NMR spectroscopy and X-ray analysis. In the solid state, compound 1 is in an imino-enamine tautomeric form, whereas in solution it coexists with an imino-imino tautomeric form. Dynamic 1,5-prototropic interconversion of the imino-enamine form was revealed to be very fast at room temperature by temperature-dependent 1 H NMR spectra. For 2, the imino-enamine form is the only species present in solution. The hydrogen of the enamine NH is hydrogen-bonded intramolecularly with the nitrogen in the pyridine ring.
H NMR spectroscopy and X-ray analysis. In the solid state, compound 1 is in an imino-enamine tautomeric form, whereas in solution it coexists with an imino-imino tautomeric form. Dynamic 1,5-prototropic interconversion of the imino-enamine form was revealed to be very fast at room temperature by temperature-dependent 1 H NMR spectra. For 2, the imino-enamine form is the only species present in solution. The hydrogen of the enamine NH is hydrogen-bonded intramolecularly with the nitrogen in the pyridine ring.
When the temperature is raised, the NH proton enters into dynamic 1,5-migration, which is accompanied by internal rotation around the pivot bond, which changes the hydrogen bonding sites. For the condensation product 3 of 2-(2-quinolyl-1,3-indandione with p-butylaniline, dynamic behavior similar to that found in 2 was observed also in 13 C NMR spectra.
Introduction
Prototropic imino-enamine tautomerism has been extensively investigated in porphyrins, 1 azaannulenes, 1,2 and indigodiimine 3 in which the NH hydrogen is hydrogen-bonded intramolecularly with the basic nitrogen and the degenerate imino-enamine tautomerism takes place as double or multiple proton transfer in combination with degenerated reorganization of the cyclic π-conjugation. Such proton migration may be formally expressed as 1,5-prototropy in general scheme A (Scheme 1). Dynamic nature in this type of prototropy has been recognized not only in solution but also in the solid state. 4 Annular tautomerism observed in 1,5-diaza-heterocycles may also be regarded as formal imino-enamine 1,5-prototropy. A relevant example is represented by pyrazole as B in Scheme 1. 5, 6 In contrast to type A, hydrogen bonding plays no role in type B, besides multiple proton transfer between the neighboring molecules aligned in the solid state. Despite the wealth of information available for the 1,5-prototropic imino-enamine tautomerism in heterocyclic systems, 7 much less is known about those in acyclic systems such as the prototropic tautomerism represented by general scheme C in Scheme 1. This tautomeric system is a vinylogue of 1,3-prototropy in amidine and related compounds, 8, 9 on which several studies have been carried out. The difficulties encountered in investigating 1,5-prototropy in acyclic systems like C are configurational and conformational problems that should be disclosed prior to discussion of prototropic behavior. Therefore, to fix the configuration unambiguously,
we designed an imino-enamine tautomeric system incorporating the 1,3-indandione framework.
In this paper, we report tautomeric and prototropic properties in the compounds 1-3 of type C obtained by the condensation reaction of 1,3-indandione, 2-(2-pyridyl)-1,3-indandione, and 2-(2-quinolyl)-1,3-indandione with p-alkyl anilines, respectively, and a peculiar example of dynamic 1,5-proton transfer accompanied with bond rotation observed in 2 and 3.
Results and Discussion

1-Imino-3-amino-1H-inden system bearing no substituent on C2 carbon (1)
Compound 1 was prepared by the condensation reaction of 1,3-indandion with p-toluidine. Its structure was confirmed by X-ray analysis (Fig. 1) . In the crystalline state 1 exists in an imino-enamine form on the basis of that a hydrogen atom is unequivocally located close to the one of the nitrogen atoms and the two C-N bond lengths are not equivalent (1.370 and 1.297 Å). Thus, compound 1 contains a planar -NH-C=C-C=N-substructure. The tolyl group linked to the imino nitrogen is directed to the opposite side with respect to the benzene ring of the indan unit, represented as trans configuration. The tolyl ring linked to the amino nitrogen takes the s-trans conformation as well, represented as anti conformation. In the crystalline state, molecules of 1 are linked by intermolecular NH---N hydrogen bonds (N---N :
2.996Å), resulting in a linear chain arrangement.
In contrast to the solid-state structure, in solution compound 1 coexisted with diimino form 4 as evidenced by its NMR spectrum. The presence of 4 is established on the basis of the observation of methylene signal at 3.15 ppm and of the symmetric A 2 B 2 signals of the aromatic region in the indan fragment. At the same time, 1 showed a signal attributed to an enamine-type proton at 5.65 ppm. In Figure 2 , the 1 H NMR spectra are shown for 1 and 4
individually, and for clarity, the signals of the other species have been erased. On the basis of the signal intensities, the ratio of 1:4 was estimated to be 3:1. 
By analyzing the NMR spectrum of 1, the structure of 1 can be deduced more precisely. If 1 is assigned a trans-imino and anti-amino structure, the aromatic hydrogens of the indan subunit should exhibit NMR signals in an ABXY pattern because of the magnetic nonequivalence of these protons. However, this was not the case: a symmetric A 2 B 2 profile was observed at 7.55 and 7.41 ppm as rather broad signals (Fig. 2) . Furthermore, the two tolyl rings substituted on the amino-and imino-nitrogens cannot be distinguished, because they have the same chemical shifts. These observations indicate that molecule 1 is represented at room temperature by a time-averaged structure of two imino-enamine forms because of fast 1,5-proton migration. -protons of 4 entered into deuterium exchange. These observations indicate that the 1,5-prototropy does not involve sequential 1,3-migration, but occurs directly between the enamine and imino nitrogen atoms. In other words, the 1,5-prototropy is faster than the prototropic tautomerism between the imino-enamine and imino-imino forms.
[Scheme 3]
The structural outcome of 1 and 4 in solution was supported by theoretical calculations at a B3LYP/6-31G(d, p) level, which were carried out for simplicity on the molecule with no methyl substituents ( Fig. 3 ). For the imino-enamine form, the trans, anti isomer was calculated to be the most stable with the cis, anti form the next, being higher by 11.7 kJ mol -1 . The stability of the trans, anti configuration may be ascribed to a decrease in steric hindrance compared with the cis and syn arrangement. In agreement with this, for the diimino tautomer, the trans, trans configuration was shown to be the most stable structure. The calculated energies of the trans, anti imino-enamine form and the trans, trans-diimino form are almost equivalent, the difference being only 4.2 kJ mol -1 . These results justify the presence of diimino form 4 and imino-enamine form 1 in solution, though far from quantitatively. Optimized structures of the tautomers and their relative energies: (a) imino-enamine form 1 and (b) imino-imino form 4. ]
Protonation to 1
As described above, the NMR data revealed the involvement of equilibrium between the imino-enamine tautomer 1 and the diimino tautomer 4 and dynamic interconversion in the imino-enamine tautomers due to 1,5-prototropy. One may suspect then that the NMR characteristics observed in imino-enamine tautomer 1 are not due to proton migration but may be interpreted in terms of protonation brought about by chance in the protic out-of-molecule environment. However, such an interpretation is not reasonable. The hydrochloride salt of 1 was isolated by crystallization in the presence of hydrochloric acid and its 1 H NMR spectrum was easily distinguishable from that of neutral 1 (Fig. 4 (c) ). The most characteristic feature of the NMR spectrum of (1H + )(Cl -The X-ray analysis was carried out for a single crystal of (1H ) is low-field shift of the peri hydrogens of the indan moiety down to 8.3 ppm.
+ )(Cl -). The ionic structure of (1H + ) was similar to that reported for (1H + )(ClO 4 -).
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The aniline moieties are directed away from the benzene ring of the indan framework as observed in the neutral crystals (Fig. 5) Fig. 4 (b) . The most interesting feature is the decrease of 4 to half of the original population, indicating that 4 is transformed to a protonated species by a fraction of the added protons. Moreover, the protonated species is not stationary (1H + ) but is in dynamic equilibrium with 1. This is evident from the observation that the original signals of 1 without acid merge with those of (1H + )(Cl -) and gradually shift depending on the quantity of acid and ultimately coincide with those of 100% protonated (1H + )(Cl imino-imino form imino-enamine form ) and 1 by adding acid, which results in the fast dynamic conversion of these species (Scheme 4).
[Scheme 4]
2-(2-Pyridyl) derivative (2)
In compound 1, the two aniline rings are in the trans, anti form. It would be interesting to investigate tautomeric and prototropic behavior of the cis, syn form compared with that of the trans, anti form. In the condensation product of 2-(2-pyridyl)-1,3-indandione with p-toluidine, such a tautomeric structure has been realized. The X-ray analysis of 2 showed that (1) compound 2 exists as an imino-enamine tautomeric structure; (2) the imino and amino moieties adopt cis and syn orientations, respectively; (3) the amino hydrogen has intramolecular hydrogen bonding with the nitrogen of the pyridine ring; and (4) the molecules are in a flip-flop disorder, being co-crystallized with molecules arranged at 180 o rotations around the longest molecular axis including the indan unit (Fig. 6) . As a result of intramolecular hydrogen bonding, the pyridine ring is coplanar with the indan ring. Thus, the C 1 =N (C 3 =N) bond distance is 1.315Å, which is shorter than a typical C-N bond but longer than a typical C=N bond. It is also true for the C 1 -C 2 and C 2 -C 3 bonds.
The structure of 2 determined by X-ray analysis was consistent with the results from the DFT calculation carried out by removing the methyl substituents ( Fig. 7) : the optimized structure is the cis, syn form, which is more stable than the other three forms by more than 16 kJ mol -1 .
The indan subunit is coplanar with the pyridine ring, also in accordance with the X-ray results.
[ Figure 6 . X-ray structure of 2. ]
[ Figure 7 . Optimized structures of 2. ]
The 1 H NMR spectrum of 2 in CDCl 2 CDCl 2 indicates that 2 is an imino-enamine in solution, which is apparent from the occurrence of a signal due to the hydrogen-bonded NH proton at 12.6 ppm and of four nonequivalent signals of an ABXY pattern due to the aromatic protons of the indan framework. No other signal attributable to a diimino form was observed. When the temperature was increased, the ABXY signals of the indan unit and the four doublets due to p-methylanilino moieties were broadened. In contrast to these signals, those of the pyridine moieties are not markedly affected by increasing temperature. Throughout the whole temperature range, the chemical shift of the NH proton showed no significant change, remaining at approximately 14 ppm, but its signal was broadened. At 77 ℃ the two doublet signals of the indan unit (AB part) coalesce (Fig. 8) . These observations clearly indicate that compound 2 is in dynamic equilibrium between degenerated imino-enamine structures through the 1,5-migration of the NH proton accompanied by rotation about the pivot bond connecting the pyridine and indan frameworks. The NH proton is kept in the intramolecular hydrogen bond in the ground state, implying that the NH proton migrates rapidly between the two nitrogen atoms and changes its hydrogen bonding site ( Scheme 5 ). Note that the molecular structure of 2 in the crystalline state occurs in static disorder resulting in Cs symmetry for the averaged structure. In solution, such disorder appears dynamic. A free energy barrier (△G ‡ ) for this dynamic process was roughly estimated by the coalescence method to be 73 kJ mol -1 at 90 ℃.
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The dynamic behavior found in compound 2 is analogous to that of tautomeric system A of Scheme 1 in the sense that cleavage of intramolecular hydrogen bonds participates in prototropy.
It would be rational to assume that the activation energy of the dynamic process estimated for 2 is required for the dissociation of the NH---N intramolecular hydrogen bond. The were not affected at all. Dynamic prototropy, which has been reported recently for 1H-perimidine-2-carbxylate, would be analogous to the present case, since 1,3-prototropy is synchronized with bond rotation to exchange hydrogen-bonding sites with the carbonyl carbon.
1,5-prototropy in the trans, anti-1-imino-3-amino-1H-inden
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Throughout this study we could not find any evidence for the existence of the tautomeric structure represented by canonical structure 5. This is in contrast to the corresponding diketo compound, which has been reported to prefer keto-enamine tautomeric structure 6 in the crystalline state as well as in solution. 
4 2-(2-Quinolyl) derivative (3)
Dynamic behavior similar to that found in 2 was also recognized in quinoline substituted derivative 3. The
H NMR spectrum of 3 indicates that the condensation product exists in solution as imino-enamine tautomeric structure 3 based on assignment of all the signals in an H-H COSY experiment and by recognizing the aromatic region of the indan unit as an ABXY spin system. Unfortunately, X-ray analysis could not be conducted for 3, because single crystals suited for X-ray diffraction could not be obtained. However, the optimized structure based on DFT calculations supported that tautomers with cis configuration and syn conformation are the most stable structure, as shown in 2.
[ Scheme 7] Dynamic behavior of 3 was investigated by variable temperature 13 C NMR. At room temperature, compound 3 displays 26 signals in CDCl 3 due to the imino-enamine tautomeric structure. The signals of the butyl carbons occurred in four sets between 10 and 40 ppm, each of which is comprised of two slightly separated peaks due to different magnetic environments in the p-butylphenyl-amino and -imino substituents.
The signals at 35.09 and 35.17 ppm were assigned to the α carbon of the butyl group on the basis of HMQC experiments (Fig. 9) . It is interesting to note that the β-carbon of the butyl group shows the most significant magnetic nonequivalence among its four 13 C resonances of the butyl group in contrast to the appearance in 1 H NMR.
14 Therefore, these peaks were monitored in variable temperature experiments using [ Figure 9 . HMQC spectrum of 3 in the aliphatic carbon region.]
Conclusions
We have described the tautomeric preference and 1,5-prototropy in acyclic and non-heterocyclic imino-enamine systems by designing molecules that possess the configurationally fixed framework. The product obtained by the condensation reaction of 1,3-indandione with p-toluidine, 1, exists in imino-enamine tautomeric form in the solid state, whereas, in solution the imino-imino form is present. In the imino-enamine tautomer, dynamic 1,5-sigmatropy between the two degenerate imino-enamine structures occurs, which is fast on the NMR time scale even under -80 ℃. When acid is added, the imino-imino form in solution is converted to the imino-enamine form by a stoichiometric amount of acid, and both species interconvert rapidly to show an averaged structure in the NMR spectrum. The solid state structure of the condensation product of 2-(2-pyridyl)-1,3-indandion with p-toluidine is the imino-enamine form, in which the hydrogen of the enamine NH is hydrogen-bonded intramolecularly to the nitrogen in the pyridine ring. This tautomeric form is the only species present in solution. The NH proton participates in dynamic 1,5-migration when the temperature is raised, which is accompanied by internal rotation around the pivot bond. A similar dynamic behavior was observed for the quinolyl derivative and the activation energy of prototropy was estimated.
Experimental
All the melting points were determined using a Yanaco MS-500V apparatus and are uncorrected. The 1 H NMR (500 MHz) and 13 C NMR (125 MHz) spectra were recorded using a JEOL α-500 spectrometer. Chemical shifts are given in δ values (ppm) using TMS as the internal standard. Mass spectra were taken on a Shimadzu GCMS-QP5050A mass spectrometer. Elementary combustion analyses were recorded using a Yanaco CHN CORDER MT-6 analyzer. All reactions were monitored by TCL employing a 0.25 mm silica gel plate (Merck 60F 254). Column chromatography was carried out on silica gel (Merck 60N spherical). The yields of products are based on the initial weights of the 1,3-indandiones.
1-(p-tolylimino)-3-(p-tolylamino)-1H-inden (1).
To a solution of 1, 3-indandione (3.03 g, 20.7 mmol) in acetic acid (80 mL) was added p-toluidine (4.88 g, 45.7 mmol) at room temperature. The mixture was heated at reflux for 4 h. After cooling, saturated NaCl aqueous solution (ca 500 mL) was added and the resulting solid was collected by filtration and dried in vacuo. The solid was divided into three portions, and each was chromatographed through a silica gel column using benzene-methanol (10:1) as the eluent to afford crude 1 as a yellow solid. The crude product, combined from three portions, was purified by recrystallization from acetonitrile to give 1 in 1.81 g (27 % ). 20.95, 33.61, 89.60, 119.75, 121.53, 122.86, 129.32, 130.03, 132.89, 133.94, 134.11, 144.28, 149.32, 166.92 106.12, 118.71, 118.93, 122.54, 122.79, 125.11, 125.61, 128.32, 128.90, 129.58, 132.17, 132.60, 135.42, 136.12, 137.35, 138.19, 146.47, 150.01, 156.14, 156.45, 162.23 
1-(p-butylphenylimino)-2-(1-quinolyl)-3-(p-butylphenylamino)-1H-inden (3).
Compound 3 was prepared in 41% yield from quinolinyl-1,3-indandione (quinoline yellow) and p-butylaniline in a similar manner to that described for 2: 3: orange solid. mp 192-195 ℃. 14.12, 22.25, 22.36, 33.73, 33.96, 35.09, 35.17, 105.29, 118.79, 121.59, 122.97, 124.58, 125.27, 125.51, 126.84, 127.39, 128.75, 128.98, 129.01, 129.05, 132.74, 135.42, 137.19, 137.39, 137.57, 140.68, 145.82, 149.99, 156.44, 157.75, 162.16 C, 85.20, H; 6.96, N, 7.84. Found: C, 85.23, H, 6.98, N, 7. 58.
The X-ray crystallographic data were collected at cryogenic temperature (-50 ℃ for 1, The density functional theory (DFT) was employed for the fully geometric optimizations at the B3LYP/6-31G(d,p) level.
